It is generally accepted that the Cenozoic potassic volcanic rocks of northern Tibet were derived from a lithospheric mantle source. Here we report new chronological, geochemical, and isotopic data for the Miocene (ca. 18-15 Ma) K-rich adakitic volcanic rocks from the Hohxil area of the Songpan-Ganzi block in northern Tibet. We contend that these rocks were generated by partial melting of the mafic lower crust, in an intracontinental setting unrelated to subduction of oceanic crust. 
INTRODUCTION
It is increasingly accepted that adakites are generated by slab melting in subduction zones (Defant and Drummond, 1990; Stern and Kilian, 1996) . Because of the compositional similarities between magmas generated by partial melting of the mafic lower crust under eclogite facies conditions on the one hand, and slab melting on the other, the lower crust has been suggested as an alternative source for some adakitic rocks (Atherton and Petford, 1993; Xu et al., 2002) . Furthermore, Cenozoic adakitic rocks reported in Gangdisi (south Tibetan Plateau) have received attention because of the apparent absence of a contemporaneous proximal subduction zone. Thus, Chung et al. (2003) suggested that Cenozoic adakites in southern Tibet were produced by partial melting of eclogites and/or garnet amphibolites in the lower part of a thickened (ϳ50 km) Tibetan crust. However, because the Gangdisi area was in an arc setting from the Mesozoic to the early Tertiary, and an active collision *Corresponding author e-mail: jifengxu@gig.ac.cn. zone between the Indian and Asian continents exists nearby, others have argued that these adakitic magmas could have originated by partial melting of subducted oceanic crust, involving incorporation of melts from sediments and mantle-wedge components (Qu et al., 2004) . Thus, the origin of Cenozoic adakites in southern Tibet remains controversial.
Our study deals with a new adakite locality within the Tibetan Plateau and presents new geochemical and isotopic data to clarify the issue. Unlike the adakitic rocks in the Gangdisi region referred to here, the Cenozoic Krich adakitic volcanic rocks in the Hohxil area of northern Tibet occur within an intracontinental setting, far removed from an active collision zone or an island-arc zone during the Cenozoic Era. They are geochemically similar to adakites produced by slab melting in subduction zones, except for their high K contents and other geochemical peculiarities discussed herein. A critical issue therefore is whether these Cenozoic rocks represent nonarc adakites, derived by partial melting of amphibolebearing eclogitic rocks in the lower crust. If so, they would be the first documented occurrence of adakitic magmatism not directly associated with subduction of oceanic crust and so would have important implications for models of adakite genesis.
BACKGROUND
On a large scale, the Tibetan Plateau constitutes a tectonic collage of continental blocks (terranes). From north to south, the three main east-trending continental blocks are Kunlun (Qaidam), Songpan-Ganzi (SG), and Qiangtang, all within the north-central Tibetan region ( Fig. 1A ) (Yin and Harrison, 2000) . The SG block, containing the Hohxil area, is bounded by the Anyimaqen-Kunlun-Muztagh suture to the north, and the Jinshajiang suture to the south (Yin and Harrison, 2000) . It is generally accepted that suturing of the SGKunlun and SG-Qiangtang blocks occurred in pre-Jurassic time (Tapponnier et al., 2001) , and consequently the SG and Kunlun blocks have been in an intracontinental setting since the Jurassic. Although volumetrically minor, Cenozoic volcanic rocks are widely distributed in the SG block (Fig. 1A) . Previous studies indicated that most are potassic to ultrapotassic in composition, and their eruption ages range from ca. 17-15 to 1 Ma (Turner et al., 1996; Zheng et al., 1996; Deng, 1998; Cooper et al., 2002) . The K-rich adakitic volcanic rocks discussed here occur in the Hohxil area near the center of the SG block in northern Tibet (Figs. 1A, 1B) , and the available data indicate that intermediate to acidic volcanic rocks are dominant in the Hohxil area (this paper and Deng, 1998), whereas mafic volcanic rocks are common in the western SG block (Deng, 1998; Cooper et al., 2002) .
Our investigations and published data indicate that samples with adakitic compositional features (such as high Sr/Y ratios, high Sr concentrations, and low Y and heavy rare earth element [REE] contents) are confined to three sites (Hongshuihe, Wuxuefeng, and Damaoshan) , all in the Hohxil area (Fig. 1B) . These Cenozoic adakitic volcanic rocks are exposed either as large-scale lava flows or as small-volume lava domes. The Hongshuihe volcanic dome, for example, has an outcrop (Fig. 1B) , but in the southern Hohxil Lake area (Fig. 1A) , small-volume (Ͻ1 km 2 ) olivine-bearing leucite foidites (SiO 2 ϭ 43-45 wt%) have been discovered (Zheng et al., 1996; Data Repository Table DR1 ; see footnote 1).
CHRONOLOGY AND GEOCHEMISTRY
Results from K-Ar and 40 Ar/ 39 Ar dating, major and trace element analyses, and Nd-Sr isotope data are listed in Tables DR1-DR3 (see footnote 1). The samples described here were collected from Hongshuihe and Wuxuefeng (Fig. 1B) , and the age of volcanism at these sites was unknown prior to this study. Two samples from Wuxuefeng (3302 and 3302-1) and one from Hongshuihe (3304-3b) yield consistent ages (18.4 Ϯ 0. (Table  DR1 ; see footnote 1). A previous study of the Damaoshan adakitic volcanic rocks indicated that they formed at 17-15 Ma (Deng, 1998) . Thus, the available data indicate that the Hohxil K-rich adakitic volcanic rocks erupted between 18 and 15 Ma, making them among the oldest Cenozoic volcanic rocks in the SG block (Fig. 1A) (McKenna and Walker, 1990; Turner et al., 1996; Zheng et al., 1996; Deng, 1998; Cooper et al., 2002) .
Major and trace element results (Table  DR2 ; see footnote 1) as well as published data (Deng, 1998) show that the volcanic rocks from the Wuxuefeng, Hongshuihe, and Damaoshan areas have adakitic compositional affinities. They are intermediate to acidic in composition (SiO 2 contents range from 61.28 to 69.17 wt%), and they exhibit the high La/ Yb and high Sr/Y ratios that are distinctive features of adakitic lavas in subduction-zone settings (Defant and Drummond, 1990; Stern and Kilian, 1996) . It is important to note, however, that they are also distinctly K rich (K 2 O Ͼ Na 2 O), have high Th concentrations, and high Th/Ba, Th/U, and Rb/Ba ratios. Unlike adakites generated by slab melting Stern and Kilian, 1996) that are characterized by positive Sr anomalies, the Hohxil adakitic rocks exhibit weakly negative Sr and Ba anomalies on a trace element diagram normalized to normal mid-oceanic-ridge basalt (N-MORB) (Fig.  2B) .
Petrogenesis of K-Rich Adakitic Magma
How were the Cenozoic K-rich adakitic magmas of the Hohxil region generated? Although they show typical adakitic compositional features (e.g., high Sr/Y), it is unlikely that they have been derived by partial melting of a subducted oceanic slab. The primary reason is that the SG block has been in an intracontinental setting since the Jurassic, and consequently there was no subducted oceanic slab beneath the region when these K-rich adakitic rocks were generated at 18-15 Ma. Moreover, geophysical evidence (Owens and Zandt, 1997; Tilmann et al., 2003) indicates that the northward-subducted Indian plate and Tethyan slab have not reached the southern boundary of the Qiangtang block (Bangong suture zone, Fig. 1) , not supporting the idea that ''flat subduction'' in the Cenozoic might have been responsible for the genesis of the Hohxil magmas. In addition, the high Th/U ratios as well as weakly negative Ba and Sr anomalies of the K-rich adakitic rocks (Fig. 2B) are not typical of other adakites (e.g., Defant and Drummond, 1990; Stern and Kilian, 1996) . High Th/U is a feature of most Cenozoic volcanic rocks derived from the upper and lower crust and mantle within the Tibetan Plateau (McKenna and Walker, 1990; Turner et al., 1996; Miller et al., 1999) , and we contend that this regional compositional signature is typical of the Tibetan crust.
Previous studies proposed that the Cenozoic volcanic rocks in the SG block were derived from a lithospheric mantle source or represent the evolved products of a shoshonitic mafic magma, because their composition is potassic and shoshonitic (Turner et al., 1996; Miller et al., 1999) . However, our samples exhibit SiO 2 contents that are too high (61-67 wt%) for magmas produced directly by partial melting of the mantle, because the latter cannot yield melts more silicic than dacite (Wyllie, 1977) . Furthermore, experimental results (Baker et al., 1995) from melting of anhydrous lherzolite show that the silica content of low-degree partial melts is Ͻϳ55 wt% (andesite). Our samples also probably did not originate from assimilation and fractional crystallization of mantle-derived mafic magma; among the Cenozoic volcanic rocks in the SG block, the samples are the oldest and have the lowest 87 Figure 3B , our samples (open triangles) plot far from rhyolites derived from upper-crustal sources (cross symbols, high 87 Sr/ 86 Sr ratios), implying that silicic upper-crustal materials provided little or no contribution to the K-rich adakitic magmas. There are small quantities (Ͻ1 km 2 ) of olivine-bearing leucite foidites (alkaline ultramafic rocks) in the south Hohxil region, but there is no differentiated basalt-andesiterhyolite suite (i.e., andesite-dacite-rhyolite) or evidence of foidite assimilation or mixing. Furthermore, on the La/Yb vs. La diagram ( Fig. DR1 ; see footnote 1), our samples (Hongshuihe and Wuxuefeng adakites) plot along a partial-melting array that differs from the pattern of the shoshonitic mafic rocks (SiO 2 Ͻ 55%) from Tibet (Turner et al., 1996; Miller et al., 1999) , indicating that magmas of these shoshonitic mafic rocks are unlikely to represent the parental composition of the Hohxil K-rich adakitic rocks.
and 1). As shown in
A final possibility is that the Hohxil K-rich adakitic magmas originated directly by partial melting of a part of the thickened Tibetan crust. Continent-continent collision in the Tibet region would result in melting of upper crust rocks such as garnet-bearing metapelites. However upper-crustal rocks with sedimentary compositions cannot partially melt to produce magmas with adakitic compositions (Rapp and Watson, 1995; Defant and Drummond, 1990 ). Our samples also show geochemical characteristics distinct from the Ulugh Muztagh Cenozoic volcanic rocks derived from upper-crustal sources (McKenna and Walker, 1990) . We argue that the relatively high K and Rb contents of the Hohxil magmas require a source containing a K-rich mineral (such as K-feldspar), a requirement that suggests derivation by partial melting of a source other than MORB. Mafic granulite, garnet-bearing amphibolite, and amphibolite lower-crustal xenoliths occur in the northern and eastern Tibetan Plateau (Deng, 1998; Deng et al., 1998; Hacker et al., 2000) , and modeling indicates that a lower crust represented by such mafic xenoliths constitutes a plausible source for the Hohxil volcanic rocks. The xenoliths have higher K 2 O contents than MORB, and exhibit Nd and Sr isotope com-positions (Fig. 3A) similar to the Hohxil Krich adakitic rocks, strongly suggesting that the source of the Hohxil adakitic magmas could be similar to these mafic lower-crustal xenoliths.
In principle, shoshonitic mafic rocks in Tibet (Turner et al., 1996) might constitute an alternative source material for our samples. We modeled the partial melting of a garnetbearing amphibolitic lower-crustal xenolith and a shoshonitic mafic rock from northern Tibet as starting material (source rocks). The compositions (Th, U, and REE) of melts produced by partial melting clearly show that the garnet-bearing amphibolitic xenolith is the more likely source of the Hohxil samples ( Fig.  DR2 and Table DR4 ; see footnote 1). In addition, most of the shoshonitic mafic rocks have K 2 O and light REE contents higher than those of our samples (Fig. 2) , ruling them out as source materials, because the concentrations of these incompatible elements in the melt compared to the source typically increase during partial melting. Furthermore, as shown in Figure 3 , the K-rich adakitic rocks have Nd vs. Sr isotope signatures quite unlike those of the shoshonitic rocks. In summary, our partial-melting model ( Fig. DR2 ; see footnote 1) shows that the K-rich adakitic rocks were most likely produced by partial melting of a lower-crustal source with a composition similar to the garnet-bearing amphibolite xenoliths in Tibet.
Geodynamic Processes and Tectonic Significance
An important question is what triggered partial melting of the lower crust? Two contrasting geodynamic models have been proposed to account for Cenozoic magmatism in northern Tibet: convective thinning of the mantle lithosphere (Turner et al., 1996) and intracontinental subduction (Deng, 1998; Hacker et al., 2000; Tapponnier et al., 2001) .
The crust in northern Tibet is Ͼ55 km thick (Owens and Zandt, 1997; Tilmann et al., 2003) . Such a thick crust is thought to form tectonically by crustal shortening and oblique eclipsing of coherent lithospheric slices (Tapponnier et al., 2001; Ding et al., 2003) . Available geologic and geophysical evidence suggests that the northern Kunlun (Qaidam) lithospheric mantle and segments of the attached continental lithosphere were partially subducted southward beneath the SG block in the time interval since 20 Ma (see Fig. 3 of Tapponnier et al., 2001) . We argue that burial of continental crust was accompanied by the release of fluids that ascended into the overlying lower crust of the SG block, triggering partial melting of the lower crust and resulting in the formation of the Hohxil K-rich adakitic magmas. The buried continental crust may have included a small sedimentary component, fluids from which could produce the K, Rb, and Th enrichments in the Hohxil K-rich adakitic rocks. Thus, we think that Hohxil Krich adakitic rocks are likely related to intracontinental subduction, supporting the second geodynamic model of the Tibetan Plateau outlined here. Although we accept that many, probably most, adakites are related to oceanicslab melting in a subduction setting (Defant and Drummond, 1990) , our interpretation of the Hohxil adakitic rocks implies that some adakitic magmas may be generated in an intracontinental setting.
